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THE AERODYNAMIC EFFECTS OF WING CUT-OUTS

By ALBERT SEWtMAN

SUMMARY

In conne&on, with the interference program being cun-
duckd in the N.A.C.A. variulie+bndy wind tunnel, an
anulyeia wiM mule of avai.la.lhmaterial wiih the objeci
of preaenii~ a qwi?dative dimwkrn of wing churacter-
Lstb w a~eidedby cut-outs and of determiningmamafor
their guunttiatioecakuMbn.

The analysis indided thd extending a cu$ind in the
chord direction b mwchgreater e$eci than txtendi~ ii
in the span direction. unfairne88 in prom over the
leading edge of tlw cut-out secti.om admr8dy a$ect8 the
lift and induced drag aa well as tb projile drag.

.L&ing-line ahfoi.1 theory cm be wx.emftdly w4edto
calculatetlu characteristicsof a wing w a$ected by a cut-
out when Ma section ch5mct4ri8tic8of the pro* along
tlw span are known. It h u.@ul, in such a problem, to
employ ihs method of succeeeiae approximation for Qb-
taini~ the span load distribution.

The informuttin derivedfrom the analyeiawaaapplied
for illustration to tti prediction of the characteridia of a
wing with a center-8ectbn cui-md. The vizkm thu
obtained were found to agree fairly weL?with h tat
rewdis of a moo%?of the cukui wing memred in. the
variable-dandy wind tunnel.

INTRODUCTION

It is sometimes desirable to cut out portions of a
wing, usually at the center. Such a change in plan
form may, however, produce large changes in the char-
acteristic of the wing. Therefore, information that
would guide a designer in his choice of a cut+out and
enable him to calculate the amwdynamic character-
istic of cutiut wings should prove usefuL

The information now available concerning wing
cut-outs or applicable to the analysis of their @ects is
plentihil (references 1 tc 7) but too disconnected and
unorganized to be of the greatest possible usefulness.
In connection with the interference program being
conducted in the N.A.C.A. variabledensity wind tun-
nel, an analysis was therefore made of existing material
to de@mi.ne the qualitative eflects of the different
features of wing cukds, and to obtain means of cal-
culating wing charactmistica as tiected by them.

The charaoteristica of a cut-out wing of N.A.C.A.
0012 section were predicted horn the information

derived for this report and compsxed with test results
obtained for the purpose from a teat of a model of the
cut-cut wing in the N.A.C.A. variabledensity wind
tunnel at a Reynolds Number of 3,160,000.

GENERAL EFFECI’S OF WING CUT-OUTS

A monoplane wing of finite span experiences the
least induced drag when the dowmvash is constant
over the span, a condition occurring when the load
distribution is elliptical. The constsnt downwash
distribution also affords the highest maximum lift if
the wing is untwisted and of the same proiile through-
out, because the sections along the span reach their lift
peaks together. Departure frcm the elliptical-loading
condition introduces a deformation in the dowmvash
distribution that adversely affects the characteristics
of the wing. The effects of a cut-out are due in a large
measure to the change it produces in the span load
distribution, resulting in what maybe called “induced
interference. ”

It is immediately evident that, for similar cutiouts,
the deformation of the load distribution increaaes
with cut-out area. Because of the induced inter-
ference, the adverse effects on the total lift and drag
of the wing grow disproportionately to the sizes of the
cut-outs. The tital profile drag, however, tends to be
reduced because of the reduction in area caused by a
cut-out. At the lower lifts, this tiect may be greater
than the adverse effect on the drag due to the deforma-
tion of the load distribution.

For cutiuti of equal area, greatar depth of cut-out
along the chord produces the more severe deformation
of the span load distribution md causea the greater
interference. This effect can be noticed in two of
the tests reported by Ackeret (reference 3) where
the induced interference of a cut-out extending the
full chord depth showed itself to be much greater
than that of a second cut-out extending half the
depth of the first but twice ita width.

Unfairness in profle around the leading edge of
the cutaway sections of a wing adversely tiects the
lifts of the sections involved and thus adds to the
induced interference. At the trailing edge, how-
ever, unfairness in profile haa negligible induoed-
intarference effect, as is shown in tests by Ackeret.
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The profile *V is naturally increased by any profile
unfairness.

Unfairnws of the plan form of a cut-out has little
effect. Muttray (reference 4) tested two wings, each
having a displaced rectanggar center section, one
forward, the other aft, and compared the results with
those of the normal wing ATOnoticeable effect on
lift or drag was found except near masimum lift
where slightly earlier burbl@ occurred. Besides
demonstrating the unimportrmce of plan-form fair-
ness, those tests also show that whether the cut-o ut
is at the leading or trailirqge~~e is unimportant in
regard to the effect on the interference, just as would
be surmised from simple airfoil theory.

When the cut-out is in the form of a hole between
the leading and trail@ edges, the portion of the air-
foil at the cu&out becomes, in profile, a tmdem whg
arrangement. Therefore, if airfoil profles be re-
tained along the cut-out, the induced interference at
low lifts ‘k no different, theoretically, than for a
leading- or trailing-edge cutiut with the same pro-
iile arrangement and total chord distribution along
the span. At high lift coefficients, however, another
effect appeam. The sections of the wing ahead
of the hole, being in the added relative upwash of
those to the rear, stall still earlier than they would
otherwise. Converselyj the forwmd sections teiid to
maintain the air flow over the after sections, thus
delaying their burble. Consequently, a hole cut-out
near the trail.@ edge may be poorer with respect to
maximum lift thrm an equivalent leading- or trailing-
edge cut-out, and one nmr the leading e~memay be
better.

Because of the deformation impressed upon the
span load distribution, a cut+ut section experiences
an upwash with relation to the rest of the wing and
therefore tends to carry more load than its reduced
chord would otherwise be called upon to support.
This upwash, however, since it owes its efitence to.
the deformation present in the loading curve, cannot
be sufficient to make the cutiut section carry its
full share of the load. The deformation in the span
load distribution, and thereby the induced inter-
ference, may be eliminated, but only for one desired
angle of attack of the wing, by adjusting the angles
of the profiles across the “cut-out. Below that angle
of attack of the wing, a cut-out section will be cmrying
more than its designated share of the load, and above
that angle, 18s9.

The relative upwash previously mentioned causes a
cut+mt section to stall earlier thamit would otherwise.
The maximum lift of the wing suffers in consequence.
Eliminating the induced interference for any one wing
angle, by increasing the angles of incidence of the
prcdiles across the cut-cut, produc6s a similar result.
This effect, however, may be avoided by employing
higher-lift, later-sidling profiles along the cut-out.
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Muttray (reference 4) tested some wing models pro-
vided with auxiliary airfoils before the cutaway sec-
tions which were formed of high-lift profl.lea set at
increased angles of incidence. He found that most of
the adverse effect on maximum lift was thus elimi-
nated, and also most of the induced interference,
The profile drag would, however, necessarily be
increased by such an arrangement.

The tiects of the various cut-out featurea on the
pitching moment may be readily unde~tood by con-
sidering the changes produced in the moments of the
sections about the referenca axis along the span. A
front cut+cmtwould tend to increase the diving mo-
ment and a rear cut-out to reduce it. Likewise an
auxihuy airfoil before the center section wotid tend
to decrease the diving moment. The total resultant
moment of a cut-out wing with relation to any Y axis
can be estimated by integrating the moments of the
proiiles about that axis across the span.

QUANTITATIVE CALCULATION OF WING CHARAC-
TERISTICS AS AFFECTED BY CUT-OUTS

Lotz has attempted (reference 5) to provide rI
simple, easy, and rapid means of calculating the lift
and induced drag of monoplane wings with cu&outs,
The assumptions being crude, however, the applica-
tion of this work would seem to be limited to approxi-
mating the lifts and induced drags of monoplane
wings aa affected by only the poorest @e of cut-
outs. Incidentally, as the paper now stands it con-
tains an omission in the statement of the equation for
the induced drag.

When the characteristics of any monoplane wing
are to be calculated with some degree of precision,
lifting-line airfoil theory is employed. The procedure
consisti of obtaining the span load distribution and
ita correlated dowmvash distribution by an application
of the vortex theory and then, from a knowledge of
the section characteristics and spatial arrangement of
the proiiles across the span, calculating the lift,
induced-drag, prcfiledm.g, and moment coefficients,

The Fourier series method of analysis as expounded
by Glauert (referance 6, p. 138) is commonly relied on
to obtain the characteristics of monoplane wings.
However, when the span load distribution is de-
formed, aa it is for a cut-out wing, the number of
coefficients in the series required to defie reasonably
the load or dowmvash distribution increases rapidly
and this method of applying airfoil theory becomes
too involved for practical uses.

For problems in which the use of the Fourier series
appears to be undesirable, the span loading and down-
wash distribution may be obtained by employing the
method of successive approximation developed in
reference 7. This method, stated briefly, is as follows:
From consideration of the character of the wing, for
any given angle of attack, some curve is drawn that is
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thought to approximate the true span load d.ktribu-
tion. The downwash for a number of stations along
the span is then found from this assumed loading
curve. The effective a@es of attack at theaestations
are now obtained and, from the section characteristics
of the proiiles at those stations, the lift coefficient for
each station is determined. A check span load dis-
tribution is thus derived, and from consideration of
the new load distribution, together with the assumed
curve from which it was obtained, a more nearly
accurate span load distribution can be estimated.
This process, continued through succcs.sive approx-
imations until the check distribution agrees with the
assumed curve from which it was derived, will arrive
at an approximately true span load distribution curve
with its correlated dowmvash distribution. In the
derivation of the check distribution, the following
equation for the dowmvaah WI at any station yl may
be employed (reference 6):

dK

where K is the circulation around any profile along
the span, y is its distance out from the center line
along the span, and s is the length of the semispun.
This equation can be put in a mom convenient form

for general use by substituting ~ CV for K where V is

the free-stream velocity and c is the chord length at.
any station; thus:

dCL’

J
q-c, 8 * dy
-v’G. Y1–Y

where G is the reference chord and CL) is therefore

CL:“ The integration of this expression across the

span can be performed graphically except for the re-
gion within some small distance A to either side of the
station yl which cannot be thus evaluated because the
integrand approaches infinity as y approaches yl. The
evaluation of the portion of the integd between th6
limits yl – A and yl + A may, however, be performed
analytically by assuming the span-loading curve be-
tween those limits deiined by the equation CL’= A.+
By+ C@ and expressing the constants A., B, and 0 in
terms of the slopw of the span load distribution curve
at y=yl– A and y=yl+A. Then, the portion of the
integral between the limits y= yl – A and y= yl + A be-
comes

&(%Yr-d%)YI+A]

EXAMPLE OF THE PREDICTION OF CUT-OUT EFFECTS

h order to illustrate the application of the infor-
mation presented in this report, the charactmistica

of a wing with a cutiout were estimated from the
considerations discussed and calculated for one angle
by the method of successive approximation. The
results predicted were then compared with the test
results of a model of the wing. It is obviously neces-
sary to calcuIate the characteristics for only one
angle in the range preceding the burbling of the
center section in order to be able to evaluate readily
the characteristics for that whole range.

Test of cut-out wing model.—The wing employed
for this example was a standard 6-by 30-iuch dura-
lumin airfoil model of N.A.C.A. 0012 profile (refer-
ence 8). It w-as prepared with a central-section
cut-out patterned in plan form directly after the
upper wing of the Vought Corsair, model 03U-1.
(See figs. 1 and 2.) The chords of the proiiles along
the span were all in one plane and the same form of
proiile was mainttied over the cut-out portion,
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FIGUREI.—Cut-out wing model.

which was faired to an N.A.C.A. 0015 proEle at the
center line for considerations of strength. & the
characteristics of the N.A.C.A. 0015 are so very
nearly the same as those of the N.A.C.A 0012, it
was assumed that N.A.C.A 0012 proiiles were kept
over the entire span. This model was tested in the
N.A.C.A. variable-density wind tunnel at a Reynolds
Number of 3,160,000. A description of the variable-
deusity wind tunnel and of the methods employed
for testing is given in reference 9. The test was
performed in the usual manner, except that two stingw
were employed to minimize setiup interference on
the cut-out portion of the wing.

The teat results are presented in figure 2 where CL,
c., L/D, and c.p. curves are plotted against angle of
attack a. These curves are corrected for tunnel-wall
effects and are compared with those of the normal
rectangukw N.A.C.A. 0012. Curves are ilso given of
the effectiv~profiledra.g coefficient, C=., and the

B014—9
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moment coefficient about the original line of quarter-
chord points, Cmd,plotted against CL. The Mective
profile-drag coe5cient C=. is the total drag coefficient

C. minus ~, the induced-drag coefficient for n wing

of the same geometric aspect ratio but elliptically
loaded. The effective profle drag, therefore, includes
the additional induced drag due to the departure of
the wing’s span loading from the elliptical form and is
thus a measure of the effect of wing deformation. The
characteristics of the wing with the cut-out are given
in figure 2 as based both on the original uncut-out plan
form-thus including the total effects of the cut-out-
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Likewise the burble should start earlier. The rem
cutiut being considerably larger than the front one,
the aerodynamic center of the wing should be shifted
forward. Consideration of the test results presented
in iigge 2 check these predictions.

Calculation of the aerodynamic charaoteristios of the
out-out wing.-Cutiuts may be compared and their
effects estimated qualitatively = in the preceding dis-
cussion. However, once n cutiut is chosen it is
desirable to calculate the characteristics of the cut-out
wing. The characteristics of the wing in this emznple,
based on the original plan form, were calculated form
angle of attack of 8° from zero lift, which would approx-

.1 I I II I II I I I I I I I
-2

.- 1 I .Airfoil: h~C.A. 00’12 wii?

~ -.4 -fire Cuf-ouf R.h!:3160,mo +

$ 11 Dafe: F~4-33 , Tes,f: ZO. % 958

:4 T2 O .2 -4 .6 .8 10 L2 14 L6 i.~.-
L iff coefficient C.Angle of affock, a (degreesJ,

~GUEE%-o~ ofa wingwfthconbakwtfon cnt-ont.

imate the climbing attitude. In this calculation, the
span load distribution and its correlated downwaah
distribution were obtained by the method of successive
approximation. I?igge 3 shows the successive steps
undergone in mriving at the iimd acceptable span
loading. Figure 3 also shows, for comparison, the
downwash distribution obtained by using the Fourier
series employing aix coefficients. With this number
of coefficients the distribution obtained probably
cannot be relied upon to give a satisfactory approxim-
ation.

The values of CLand C., for the wing were obtnined
from the span load and the downwmh distributions by
graphical integration of the following equations:

and on the actual plan form, thus presenting the true
characteristics of such a wing.

Prediction of the effects of the cut-out.—From the
qualitative discussion of the effects of wing cutauts,
the effeciwof the cut-out on the characteristics of this
wing model can be predicted by consideration of its
desigg. As the cut-out portion of the wing is fair,
untwisted, and of the ssme profle, the total drag at
zero lift may be expected to be reduced proportion-
ately to area of cutiout. The induced drag would be
expected to be greatly increased, and the adverse
effects on the lift-curve slope and on maximum lift
would be predicted to be greater thanproportional to the
size of the cutiut because of the induced interference.
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C.=~f’”8G’ dy

J
cD,=;_,~8~ c.’dy

where ii7is the arm on which the coefficients are based.
C~Owas similarly obtained from the dowmvash dis-
tribution and the section characteristics of the proiikw
(assumed to be all N.A.C.A. 0012) along the span.

whore C& is the

multiplied by ~“
r

profile-drag coefficient at any section

The pitching-moment coeilicient for

the wing about the origimd line of quarter~hord points,
cd,,wascalculated from the design of the cut-out
wing, the dowmvash distribution, and the section
characteristics of the profiles along the span by graphi-
cal integration of the following expression:

$S
cl%4 - 8 cN’hdy+s:80’.Jcdd—8

where UN1ie CNf at any section aIo@ the span, h is

the distance in &e chord direction of the quartar-
chord point of that section from the original line of

quartm-chord points, and C& is C~44 ~ at any

section.
The characteristics of the cut-out wing based on the

original uncut-out plan form as thus calculati for
an angle of attack from zero lift, %, of 8° were:
OL=O.617, C~,=O.0182, CD -0.0089, C~=O.0271, and
a .d, = 0.011. These pre~cted values check well
with the test results: CL= 0.512, CD= 0.0259, and
o~d4=o.014.

The induced-drag correction factor u applying to
the range below the burble of the center section, can
be calculated from the induced-drag equation:

Using the VdUCII of CLand CD,just calculated, u based
on the original plan form ma computed to be 0.285.
As u equals zero for an elliptical wing, this cut-out rec-
tangular plan form has the same effect as a 22 percent
reduction in aspect ratio of the equivalent elliptical
wing. The rectangular plan form itself for thisinstance
is equivalent to but a 6-percent reduction. Similarly,
the lift-curve slope can be obtained. The expression
do. . ““a for the rrqe of~ E approximately equal to _

lifts below the burble of the cente~section. Then, for

dCL 0.517
— =—= 0.065 CdCll-tbie example, % being 8°, da ~

Iated as compared with 0.064 from the test results.
The point at which the center section stalls, causing

the lift curve to depart suddenly from an approximately
straight line and the drag curv= to rise suddenly, can
be calculated from the fact that the dowmvaah distri-
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bution has the same proportionate shape throughout
the range preceding the start of the burble. From
figure 2 it is seen that the N.A.C.A. 0012 profle stalls
at an a. of 17° from zero lift. Figure 3 shows that for
an % of 8° and a calculated CLof 0.517, the ckfective
angle of attack at the center is 8° plus an upwash of
2.2°, or 10.2°. The CLof the wing at which the center
section stalls can now be quicldy found; for
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#?&=& or CL= 0.862.
I tiCiLEY Mm~ow ADRONA~CAL LABORATORY,
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The corresponding q will be&or 13.3°. These tiQLEY l’IELD, VA., iVouember4, 19%?. “
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